The electrical properties of pig internal organs including lung, liver, heart, kidney, blood, stomach, and small intestine are measured using an open-ended coaxial probe and an improved virtual transmission-line model. The measured complex permittivities of the pig organs are compared with the given values of the corresponding human organs. A similarity between these values is confirmed. For organs such as lung, liver, heart, and kidney that have regular texture and contents, the complex permittivities are almost identical to those of the corresponding human organs. The complex permittivities of human and pig blood are also very close in value. However, relatively large deviations are observed for the cases of stomach and small intestine because the internal contents of these organs significantly affect the measured electrical properties.
Ⅰ. Introduction
Electromagnetic fields radiated from implanted or ingested sources through the complex human body have been widely analyzed by many research groups for the development of wireless biomedical devices [1] ～ [3] . For the same purpose, dominant propagation path and corresponding phenomenon from intestine ingested source was numerically analyzed in our group [4] , [5] . Our next goal is experimental confirmation of the numerically analyzed results. However, direct measurement with human body is impossible due to the safety problem. Therefore, preparation of a precise phantom is important for obtaining accurate experimental results.
Several internal organs of animals are being considered by our group to organize more realistic phantom. The internal organs from pig are especially considered due to the known similarity of electrical properties between human and pig organs [6] . As the first step of preparation, complex permittivities of several pig internal organs are measured to check the similarity between their values. Dielectric properties of the employed pig organs also need to beknown for precise control of the overall experimental process.
Our open-ended coaxial probe and the improved virtual transmission-line model are employed during the conversion process [7] . Electrical properties of pig lung, liver, heart, kidney, blood, stomach, and small intestine are obtained. These measured complex permittivities are then compared with the corresponding values of human organs given by Gabriel [8] .
The preparation of pig internal organs and experimental configuration employing the open-ended coaxial probe and the improved virtual transmission-line model are described in Section Ⅱ. Analysis of the measured results is presented in Section Ⅲ. Finally, conclusions are summarized in the last Section.
Ⅱ. Preparation of Experimentation
The overall experiment is performed at as laughterhouse located in Doksan-dong, Seoul, Korea. This allows complex permittivities of the pig internal organs to be measured immediately after slaughter, without degradation of the organs. For the same reason, our openended coaxial probe, shown in Fig. 1 , is employed since direct measurement over a wide range of frequencies is possible without any other processing. The inner and outer conductors of the open-ended coaxial probe have radii of 0.635 mm and 2.04 mm, respectively, and are separated by a Teflon filling. The radius of the ground plane is 12 mm. The prepared internal organs are lung, liver, heart, kidney, blood, stomach, and small intestine. As illustrated in Fig. 2 , the cutting plane of the open-ended coaxial probe is contacted with the freshly excised organs. The other side of the probe is connected to the vector network analyzer through N-type coaxial cable. A portable network analyzer, Insite 2.0, is utilized for the measurements. The reflection coefficients ( ) are measured at the contact plane and inserted into a conversion model, the improved virtual transmission-line model developed by our group [7] . As a result, the complex permittivities (  ) of the pig organs are converted to a frequency range of 15.6 MHz to 2.5 GHz. 
Ⅲ. Analysis of the Measured Dielectric Properties
The converted dielectric properties of the pig internal organs are compared with the corresponding values for human organs at frequency band from 100 MHz to 700 MHz [4] , [5] . The complex permittivities of human organs are obtained from Gabriel et al. [6] . The frequency-dependent characteristics of human organs are expressed by the 1-pole Debye formula [7] ,
where    is the zero frequency permittivity,   ∞ is the high frequency permittivity,   is the free space permittivity,   is the conductivity, and    is the relaxation time. The parameters of the employed organs are listed in Table 1 . The real and imaginary parts of the measured complex permittivities of lung, liver, heart, and kidney are similar to the corresponding values of human organs, as shown in Figs. 3, 4 , 5, and 6, respectively. The elec- trical property of pig blood, shown in Fig. 7 , is also very close to the value for human blood. However, relatively large deviations are observed for the results from stomach and small intestine. The measured complex permittivities for pig stomach in Fig. 8 and small intestine in Fig. 9 are smaller than those obtained from the corresponding human organs. The texture and contents of these organs are considered to be the cause of these differences. The lung, liver, heart, and kidney have regular texture and contents. Blood is also a consistent fluid. However, stomach and small intestine can be filled with a range of arbitrary materials such as air, intestinal juices, food, etc. because two organs are the parts of the digestive tract. During our experiment, the pig stomach is mostly filled with air as illustrated in Fig. 10(a) , while the pig small intestine is filled with arbitrary materials as shown in Fig. 10(b) . Consequently, the converted complex permittivities of the stomach and small intestine are relatively smaller than the corresponding values from human organs. Based on the results of this comparison, pig internal organs can be classified into three groups: organs with regular texture and contents, regular fluid, and digestive tract. Organs that have regular texture and contents (lung, liver, heart, and kidney) or regular fluids (blood) assure similar electrical properties with human organs. Therefore, a human phantom can be developed using these organs from a pig. However, careful attention is required for utilizing pig digestive tract such as stomach, small intestine, etc. because the complex permittivities of these organs are affected by the materials filling those organs.
Ⅳ. Conclusion
Complex permittivities of pig internal organs were measured at as laughter house using an open-ended coaxial probe and an improved virtual transmission-line model. The measured results were compared with the corresponding values of human organs to confirm the similarity between these values. The compared results of lung, liver, heart, and kidney composed of regular texture and contents were close to the reported values for human organs. The complex permittivities of pig blood were also similar to reported human values. In contrast, the values for stomach and small intestine showed large deviations according to the material filling those organs. It leads us to conclude that pig organs that have regular texture and contents are suitable for developing a phantom. In contrast, some caution is needed when pig digestive tract are considered for use in a phantom. 
